Ischemic heart disease is the leading cause of death in developed countries and a major cause of hospital admissions, and the number of patients is increasing worldwide (Jessup and Brozena 2003) . Its risk increases with age, diabetes, hypercholesterolaemia, hypertension, smoking, and is more common in men and those who have family history of ischemic heart disease. Since the coronary arteries supply blood to the heart muscle, the narrowing or closure of the arteries by atheromatous plaques limits blood flow to a part of heart muscle, causing an imbalance between oxygen supply and demand with a resultant development of myocardial ischemia. Myocardial ischemia can cause temporary chest pain and reduced exercise tolerance ("angina pectoris"), permanent heart muscle damage ("acute myocardial infarction"), lethal arrhythmia, and sudden cardiac death. The current management of ischemic heart disease has 3 major therapeutic options, including medication (drug therapy), percutaneous coronary intervention (PCI; balloon dilation of narrowed arteries), and coronary artery bypass grafting (CABG; heart surgery). However, prognosis of patients with severe coronary artery disease without indication of PCI or CABG still remains poor due to the lack of effective treatments to treat the disorder. Thus, it is crucial to develop alternative therapeutic strategies for severe ischemic heart disease. During this decade, a variety of regenerative therapies, such as gene and stem cell therapies, are under development (Kawamoto et al. 2003; Khan et al. 2003; Rutanen et al. 2004; Schächinger et al. 2004; Wollert et al. 2004; Kastrup et al. 2005; Choi et al. 2006; Schächinger et al. 2006; Qian et al. 2006; Kajiguchi et al. 2007; Tatsumi et al. 2007 ). However, most of these regenerative therapies are invasive in nature. In addition, although many of these therapies have shown to be effective in animal models, their effectiveness and safeness in patients have not yet been established in clinical trials (Epstein et al. 2001; Forrester et al. 2003; Mathur and Martin 2004; Davani et al. 2005; Dimmeler et al. 2005; Choi et al. 2007; Kang et al. 2008; Martin-Rendon et al. 2008) .
Extracorporeal SW therapy has been introduced for medical therapy more than 20 years ago to fragmentize kid-ney stones, which has markedly improved the treatment of urolithiasis. Furthermore, the lithotripsy therapy with highenergy SW is indicated for gallstones, pancreatic and salivary stones. We have recently developed a new, noninvasive angiogenic therapy using low-energy shock waves (SW) which level is approximately 10% of that used for urinary lithotripsy treatment (Nishida et al. 2004; Fukumoto et al. 2006; Uwatoku et al. 2007; Oi et al. 2008; Shimokawa and Ito 2009 ). Based on our reports in animals and humans (Nishida et al. 2004; Fukumoto et al. 2006 ), Aicher et al employed a low-energy SW therapy to treat hindlimb ischemia in rats in combination with cell-based therapy (Aicher et al. 2006) . In this article, we outline our recent works in animals and humans, and then discuss the potential mechanisms for SW-induced neovascularization and advantages of our cardiac SW therapy. All of the animal studies and clinical studies mentioned in this article are approved by the institutional committee.
In vitro study
SW is a longitudinal acoustic wave that propagates through water or soft tissue as ultrasound does. In contrast to ultrasound, SW is a single pressure pulse with a short needle-like positive spike < 1 µ s in duration and up to 100 MPa in amplitude, followed by a tensile part of several microseconds with lower amplitude. SW also exerts the "cavitation effect" (a micrometer-sized violent collapse of bubbles inside and outside the cells) (Apfel. 1982) and was shown to induce localized stress on cell membranes that resembles shear stress (Maisonhaute et al. 2002) . It is also reported that a low level of SW could up-regulate nitric oxide (NO) production in vitro . We have recently reported that a low level of SW enhances the expression of vascular endothelial growth factor (VEGF) and its receptor, Flt-1, in cultured human umbilical vein endothelial cells (HUVEC) in vitro with a maximum effect noted at 0.09 mJ/mm 2 , which level is approximately 10% of that used for urinary lithotripsy treatment ( Fig. 1) (Nishida et al. 2004 ).
Extracorporeal SW therapy for angina pectoris Animal studies
In the clinical setting, the goal for the treatment of ischemic heart disease should include not only enhancement of angiogenesis but also recovery of ischemia-induced myocardial dysfunction. Therefore, we performed in vivo animal experiments with pigs. A porcine model of chronic myocardial ischemia was made by placing an ameroid constrictor at the proximal segment of the left circumflex coronary artery (LCX) that gradually induced a total occlusion of the artery with sustained myocardial dysfunction but without myocardial infarction in 4 weeks (Nishida et al. 2004) . At 4 weeks after the implantation of an ameroid constrictor, we performed extracorporeal SW therapy to the ischemic myocardial region 3 times during the first week (n = 8), whereas animals in the control group (n = 8) received the same anesthesia procedures 3 times a week but without the SW treatment. On the basis of our in vitro experiments, we applied low-energy SW (0.09 mJ/mm 2 ) to 9 spots in the ischemic LCX region (200 shots/spot) with a guidance of an echocardiogram equipped within a specially designed SW generator (Storz Medical AG, Tägerwilen, Switzerland). In order to treat the targeted ischemic myocardium without inducing ventricular arrhythmia, we applied SW at end-diastole during the cardiac cycle with a R wave-triggered system. We evaluated cardiac function before ameroid implantation (baseline) and at 4 and 8 weeks after the implantation.
Four weeks after the implantation of an ameroid constrictor, wall motion of the LCX (posterolateral) region in the left ventricle (LV) was equally reduced in both the control and the SW group before the SW therapy ( Fig. 2A, C) . However, 4 weeks after the SW therapy, left ventriculography showed marked improvement of LV wall motion only Extracorporeal cardiac SW therapy improves ischemia-induced myocardial dysfunction in vivo as evaluated with left ventriculography. Four weeks after the implantation of an ameroid constrictor, LV wall motion of the LCX (posterolateral) region was reduced in both the control (A) and the SW group (before the SW therapy) (C). Eight weeks after the implantation of an ameroid constrictor, no significant change in LV wall motion was noted in the control group (B), whereas marked recovery was noted in the SW group (D). E, The SW therapy normalized LV ejection fraction in the SW group but not in the control group. Results are expressed as mean ± SEM (n = 8 each). Quoted from Nishida et al. 2004 with permission. in the SW group (Fig. 2B, 2D ). The SW therapy normalized LV ejection fraction in the SW group but not in the control group (Fig. 2E) . In this study, the SW treatment normalized global and regional myocardial functions as well as regional myocardial blood flow in the chronic ischemic region evaluated with colored microspheres. In addition, the SW therapy increased capillary density and up-regulated VEGF expression in the ischemic myocardium in vivo (Fig. 3) . Importantly, no procedural complications or adverse effects, such as tissue injury, hemorrhage, or arrhythmia, were noted during or after the SW therapy. These data suggest that our low-energy SW therapy activated the endogenous angiogenic pathways in pigs in vivo. This was the first report that demonstrates the potential usefulness of extracorporeal cardiac SW therapy as a non-invasive treatment of chronic myocardial ischemia, suggesting its usefulness for the treatment of ischemic heart disease in humans.
Clinical studies
On the basis of the promising results in animal studies, we started the first clinical trial of cardiac SW therapy in humans in 2003. We treated 9 patients with end-stage ischemic heart disease with no indication of PCI or CABG (55-82 years old, 5 men and 4 women; Table 1) with our cardiac SW therapy (200 shots/spot at 0.09 mJ/mm 2 for 20-40 spots, 3 times a week/series) (Fukumoto et al. 2006) . As shown in Fig. 4 , a patient just lied down on the bed without anesthesia during the therapy. The SW therapy improved symptoms and reduced nitroglycerin use (Fig. 5 , Table 1 ) as well as myocardial perfusion as assessed by dipyridamole stress thallium scintigraphy only in the ischemic area treated with the SW (Fig. 6) . These beneficial effects of the SW therapy persisted for at least 12 months. No procedural complications or adverse effects were noted. These data indicate that our extracorporeal cardiac SW therapy is a safe, effective, and non-invasive therapeutic strategy for severe ischemic heart disease. To further confirm the usefulness and safety of our SW therapy, we are currently conducting the second clinical trial in a randomized and placebo-controlled manner.
Extracorporeal SW therapy for acute myocardial infarction Animal studies
Acute loss of myocardial cells following acute myo- Fig. 4 . Extracorporeal cardiac SW therapy in action in a patient with severe coronary artery disease. The machine is equipped with a SW generator and in-line echocardiography. The SW generator is attached to the chest wall of the patient when used. The SW pulse is easily focused on the ischemic myocardium under the guidance of echocardiography. There is no need of anesthesia or sedatives.
cardial infarction (AMI) causes abnormal loading conditions, which may induce LV dilatation and gradual decline in LV contractility during chronic phase. This process is called "LV remodeling" (Jessup and Brozena 2003) . The development of LV remodeling leads to heart failure, sudden cardiac death, and poor prognosis (Volpi et al. 1993) . It is reported that capillary density in the border zone is negatively correlated with infarct size one month after AMI, suggesting the importance of the adequate growth of the capillary microvasculature (Olivetti et al. 1986 ). Therefore, it is expected that enhancing neovascularization in the border zone adjacent to infarcted myocardium ameliorate the progression of LV remodeling in patients with AMI, resulting in an improvement of prognosis. Therefore, we examined whether our SW therapy is also effective to ameliorate LV remodeling after AMI in pigs in vivo. AMI was created by surgically excising the proximal segment of the LCX (Uwatoku et al. 2007 ). The SW therapy was started at 3 days after AMI (n = 5). The remaining animals were treated in the same manner but without the SW treatment (n = 5). At 4 weeks after the treatment, LV ejection fraction and LV end-diastolic volume were significantly improved in the SW group compared with the control group (Fig. 7) . Furthermore, regional myocardial blood flow and number of capillaries in the border zone were significantly improved in the SW group compared with the control group. As in the previous studies, no procedural complications or adverse effects were noted. These results suggest that our extracorporeal cardiac SW therapy is an effective and non-invasive therapy to ameliorate LV remodeling after AMI. This was the first report that demonstrates the usefulness and safety of extracorporeal cardiac SW therapy as a noninvasive treatment of AMI.
Clinical studies
In the clinical setting, most of patients with AMI receive an emergent reperfusion therapy with either PCI or thrombolytic drugs. Therefore, we also confirmed the beneficial effects of our SW therapy in another AMI model in pigs where AMI was induced by 90-min ischemia and reperfusion using a coronary angioplasty balloon catheter ). We are currently conducting the first clinical trial in patients with AMI who are successfully treated with PCI, in order to examine whether our SW therapy combined with PCI ameliorates LV remodeling and dysfunction after AMI in humans.
Extracorporeal SW therapy for peripheral artery disease
Peripheral artery disease (PAD) is often associated with systemic atherosclerosis and cardiovascular diseases, and its associated mortality is rapidly increasing worldwide (Sumpio 2000; Regensteiner and Stewart 2006; Al Mheid and Quyyumi 2009) . Therefore, we aimed to apply our cardiac SW therapy to PAD. We studied the effects of our SW therapy on hindlimb ischemia in rabbits (Oi et al. 2008) . Hindlimb ischemia was induced by surgical excision of the entire unilateral femoral artery. One week after the operation, we started SW therapy to the ischemic region 3 times a week for 3 weeks. Four weeks after the operation, blood flow, blood pressure, and capillary density were all significantly increased in the SW group compared with the control group (Fig. 8) . On the basis of this study, we are conducting a clinical study in patients with arteriosclerosis obliterans (ASO) with intermittent claudication (Fontaine stage II) and those with critical limb ischemia (Fontaine stage III and IV).
SW therapy for other disorders
Recently, several studies are reported that showed the beneficial effects of low-energy SW therapy in other disorders, including skin flap model in rodents (Stojadinovic et al. 2008; Yan et al. 2008 ) and patients with refractory chronic skin ulcers (Saggini et al. 2008; Moretti et al. 2009 ). Also, low to high energy levels of SW is widely used for the treatment of certain orthopedic conditions, such as nonunions, tendinosis calcarea, epicondylitis and calcaneal spur (Birnbaum et al. 2002; Wang et al. 2003) .
Mechanisms for SW-induced neovascularization
When a SW hits tissue, cavitation is induced by the first compression by the positive pressure part and the expansion with the tensile part of a SW (Apfel 1982) . Because the physical forces generated by cavitation are highly localized, SW could induce localized stress and subsequent shear stress on cell surface membranes (Fisher et al. 2001) . Several biochemical effects of SW were reported including hyperpolarization, Ras activation, non-enzymatic NO synthesis, and induction of stress fibers and intercellular gaps (Seidl et al. 1994; Wang et al. 2001; Gotte et al. 2002) . Also, SW treatment is reported to affect the expression of several chemokines and matrix metalloproteinases and therefore bring anti-inflamatory effects Mariotto et al. 2005; Stojadinovic et al. 2008; Mariotto et al. 2009 ) in addition to up-regulation of VEGF and its receptor Flt-1 (Nishida et al. 2004) , implying that the multiple angiogenic pathways are involved in the beneficial effects of the SW therapy. Recently, in addition to migration and proliferation of endothelial cells in situ ("angiogenesis"), bone marrow-derived endothelial progenitor cells (EPCs) contribute to neovascularization in ischemic tissue by forming capillary vasculature ("vasculogenesis") or by secreting a variety of angiogenic factors ("paracrine effect") (Urbich et al. 2005) . Enhanced expression of multiple angiogenic factors, such as VEGF and stromal-derived factor 1 (SDF-1), is crucial for the recruitment and incorpora- tion of EPCs (Asahara et al. 1997; Askari et al. 2003; Rafii and Lyden 2003; Millauer et al. 1993; Grunewald et al. 2006; Ceradini et al. 2004; Satoh et al. 2009 ). Also, it was reported that the activation of the SDF-1/CXCR4 axis is essential for the retention of pro-angiogenic stem cells in peripheral organs, although the up-regulation of VEGF is sufficient to mobilize stem or progenitor cells from the bone marrow to the systemic circulation (Askari et al. 2003; Ceradini et al. 2004 ). Therefore, it is possible that our SW therapy enhances the incorporation of circulating EPCs by up-regulating the expression of SDF-1 in ischemic myocardium. This notion has been supported by the recent report showing that combination of SW therapy enhances the effectives of the cell-based angiogenic therapy (Aicher et al. 2006) . Continuous turnover of cardiac myocytes and myocyte regeneration in response to injury have also been reported (Hsieh et al. 2007 ). However, it is not known yet whether our SW therapy affects this regenerative potential of cardiac myocytes. Further studies are required to elucidate the precise molecular mechanisms responsible for the beneficial effects of SW in the treatment of various disorders.
Advantages of Extracorporeal Cardiac SW Therapy
Recent attempts to enhance angiogenesis in ischemic organs include gene therapy and cell-based therapy. However, the need of invasive procedure to deliver those cells to the ischemic tissue severely limits the usefulness of those therapies in clinical situations, especially in elderly patients. A major advantage of our extracorporeal lowenergy SW therapy over those strategies is shown by the fact that it is quite non-invasive and safe without any adverse effects. If necessary, we are able to repeatedly treat patients (even outpatients) with our SW therapy because no surgery or anesthesia is required for the treatment. This is an important factor in determining the clinical usefulness of angiogenic therapies especially in elderly patients. In addition, our extracorporeal cardiac SW therapy is quite inexpensive.
Conclusions
We have successfully developed an effective, safe, and non-invasive extracorporeal SW therapy for the treatment of severe angina pectoris. The indication of our SW therapy could be extended to AMI, PAD, and other ischemic disorders in the near future. The angiogenic effects of SW may be mediated by the enhancement of several intrinsic angiogenic systems, although the precise mechanisms remain to be elucidated in future studies. Fig. 8 . Effects of SW therapy on angiogenesis in hindlimb ischemia. Representative selective internal iliac angiography of control rabbit and SW-treated rabbit at day 7 (1 week after surgery without the SW therapy) and day 28 (3 weeks after the SW therapy). The development of collateral arteries was enhanced in the SW-treated rabbit compared with the control animals. Quoted from Oi et al. 2008 with permission.
